By analyzing event-related changes in induced band power in narrow frequency bands of the human electroencephalograph, the present paper explores a possible functional role of the alpha and theta rhythms during the processing of words and of sentences. The results show a phasic power increase in the theta frequency range, together with a phasic power decrease in the alpha frequency range, following the presentation of words in a sentence. These effects may be related to word processing, either lexical or in relation to sentence context. Most importantly, there is a slow and highly frequency-specific increase in theta power as a sentence unfolds, possibly related to the formation of an episodic memory trace, or to incremental verbal working memory load. q
The event-related reactivity of rhythmic electroencephalographic (EEG) activity can be analyzed, e.g. through the computation of induced band power (IBP) changes [4, 5, 10] . Using the IBP technique, it has been shown that the theta rhythm of the human, scalp-recorded EEG shows eventrelated increases in power during memory encoding and retrieval [4] , and during the recognition of words and faces [1] . This reactivity has been shown to be highly frequency-specific, since it has commonly been observed in the theta, but not in the alpha frequency range. Spatially distributed, yet functionally coherent cell assemblies have been proposed to underly the representation of words in the brain [11] . Several authors have related the theta rhythm to the dynamics involved in cell assembly formation [8, 13] . Therefore, one would expect to find event-related changes in theta during the processing of words. The first aim of the present paper is to verify this prediction.
In order to understand language, one has to form temporary representations of the incoming language material. Such temporary representations obviously require some form of working memory. It has previously been shown that increases in theta power can be observed during tasks which engage verbal working memory processes [3, 6] . The second aim of this paper is to explore whether eventrelated changes in theta power can be found during the processing of sentences, a task which is likely to engage verbal working memory.
Eighteen right-handed native Dutch undergraduate students (five males; age range, 19-25; mean age, 21 years), recruited from our local subject pool, participated in the experiment. None had any neurological impairment, had experienced any neurological trauma, or used neuroleptics. They were informed about the purpose and nature of the experiment, and gave their informed consent.
The stimulus material consisted of 450 Dutch sentences. Of these, 123 contained a syntactic violation, 30 contained a semantic violation, 121 contained a complex pronominal reference to an earlier introduced proper name, and 176 sentences were correct Dutch sentences. Every sentence contained 12 words at most (8.9 on average), with every word containing at most 12 letters. For the present analyses, only correct sentences which contained nine words or more were used. There were 150 such sentences. The IBP analyses were performed on the first eight words of these sentences. This avoids the inclusion of sentence-final words in the analyses, which may be a special case due to sentence wrap-up effects.
To avoid eye movements, sentences were displayed word by word at a fixed rate, with every word shown in the centre of the screen. Each trial consisted of a 300 ms auditory warning tone, followed by a 650 ms blank screen, after which the sentence was presented, with every word displayed for 300 ms and a 300 ms blank screen between words. Subjects were instructed to read the sentences attentively. No additional task demands were imposed. After a short practice, the trials were presented in five blocks of about 14 min, separated by rest periods.
The EEG was recorded from 29 Ag-AgCl scalp electrodes (see Fig. 3 ), against a left mastoid reference, with an 8 s time constant and a 30 Hz cut-off frequency, and was continuously sampled at 200 Hz, with a 12-bit A/D resolution. The EEG was screened off-line for artefacts in an interval that ranged from 500 ms before to 4800 ms after sentence onset (that is, 600 ms after onset of the 8th word). Trials containing artefacts were rejected (16% on average).
For the computation of the IBP changes, we followed the approach outlined by Klimesch [4] . IBP is computed in individually adjusted narrow frequency bands, based on the individual alpha peak frequency (IAF). The IAF (M ¼ 10:32 Hz, SD ¼ 0:782 Hz) was determined for each subject separately, through a spectral analysis on the EEG segments ranging from 500 ms preceding sentence onset to 4800 ms after sentence onset. The EEG data were filtered with an FFT filter in four different frequency bands: theta (IAF 26 Hz to IAF 24 Hz); lower-1 alpha (IAF 24 Hz to IAF 22 Hz); lower-2 alpha (IAF 22 Hz to IAF); and upper alpha (IAF to IAF 12 Hz). Next, for each frequency band, the data were averaged, and the resulting (filtered) eventrelated potential (ERP) was subtracted from each (filtered) single trial in order to avoid a contamination of the IBP measures with the ERPs (see [4, 5] ). On the single-trial data thus obtained, a Hilbert transform was applied, which yields the envelope of the signal. The single-trial signal envelopes were averaged over trials, and IBP was computed as the percentage power increase or decrease in a particular frequency band in the first 600 ms interval following the onset of each word, relative to a reference interval from 300 to 0 ms preceding word onset (word-level effects), or as the percentage power increase or decrease in a particular frequency band in the first 4800 ms of sentence presentation, relative to a 500 ms pre-sentence reference interval (sentence-level effects).
The presentation of each word in a sentence elicits phasic changes in IBP in each of the four frequency bands studied (Fig. 1) . In the theta and lower-1 alpha bands, there is a phasic IBP increase following word presentation which peaks earlier in the lower-1 alpha band than in the theta band. In the lower-2 and upper alpha bands, there is an initial, very early IBP increase which starts to develop before the word is actually presented, followed by an IBP decrease which coincides in time with the IBP increase in the lower bands. Table 1 lists the mean peak magnitudes and latencies of the phasic IBP changes for each frequency band, averaged over word positions and electrodes.
Single sample t-tests showed that the IBP changes (averaged over all electrodes, in a window around the peak latency; Table 1 , right-hand column for the respective time windows) differed significantly from zero (all P values ,0.05). In order to test for the scalp distribution of the IBP changes, analyses of variance (ANOVAs) for repeated measures were performed on the mean percentage IBP changes in a window (given in Table 1 , right-hand column) around the peak latency, with Electrode (29 levels) as a repeated measures factor. Greenhouse-Geisser corrected P values are reported in order to control for deviations from sphericity. ANOVAs were performed for each frequency band; for the lower-2 and upper alpha bands, these analyses were performed both on the early IBP increase and on the late IBP decrease. These analyses show that the IBP increases in the theta and lower-1 alpha, as well as the late IBP decreases in the lower-2 and upper alpha bands are widely distributed, as indicated by an absence of a significant main effect of Electrode (all P values .0.1). However, main effects of Electrode were present in the ANOVAs on the early IBP increases in the lower-2 (F 28;244 ¼ 3:89, P ¼ 0:029) and upper (F 28;244 ¼ 10:03, P , 0:001) alpha bands, and point to an occipital maximum of these effects.
The grand average IBP changes over the course of an entire sentence are presented in Fig. 2. Fig. 2 shows that, next to the aforementioned phasic changes following individual words in a sentence, one can observe a slow increase in IBP in the theta frequency band as the sentence unfolds, which does not appear to be present in the other frequency bands.
In order to verify this statistically, the IBP changes at individual electrodes were tested for the presence of a linear trend against an alpha level of 5%, in each of the four frequency bands. The results of these analyses show that only in the theta band, significant linear trends are present at central and temporo-parietal leads, indicating a gradual increase in theta power as the sentence unfolds. Fig. 3 shows the electrodes displaying a significant linear trend in a topographical layout. In the higher frequency bands, significant linear trends were found only sporadically (lower-1 alpha: electrodes FC3, RT and RTP; lower-2 alpha: electrodes RT and RTP; upper alpha: none; see Fig. 3 for the position of the electrodes mentioned here).
The IBP responses to the presentation of individual words in a sentence show a clear pattern of results. In the theta and lower-1 alpha bands, a widespread, phasic power increase can be identified, while at the same time, in the higher frequency bands, lower-2 alpha and upper alpha, a widespread power decrease can be observed. Since the temporal resolution of the IBP method is not as good as that of ERP measures [2] , the peak latencies of these effects should be taken only as a rough indication of the timing of the neurophysiological phenomena driving the IBP responses. Nonetheless, these latencies roughly fall in the range of wellknown ERP components related to language processing, Fig. 2 . Grand average temporal evolution of IBP changes during the presentation of the first eight words of a sentence, relative to a pre-sentence reference interval, for electrode Cz. Note the slow IBP increase over time, which is present as a significant linear trend only in the theta band. For most effects, a 200 ms window around the peak latency is used. However, for the early power increases in the lower-2 and upper alpha bands, this would have resulted in a pre-word onset of the window. In these cases, we defined the onset of the window at t ¼ 0.
such as the N400 [7] and the Left Anterior Negativity [9] . Therefore, it seems reasonable to hypothesize that the power increase in the lower frequency bands, and the concurrent power decrease in the higher bands, is related to some aspect of word processing, either lexical or in relation to sentence context. A possible candidate process underlying the phasic theta increase would be the activation of a cell assembly corresponding to the representation of the lexical item (see also [11] ). Note also that the observed pattern of a power increase in the lower bands together with a power decrease in the higher bands is reminiscent of the pattern of results obtained during tasks engaging episodic memory [4] and word and face recognition [1] .
Somewhat surprisingly, the (very) early power increases observed in the higher frequency bands start preceding word onset. One could argue that this pre-word onset may be related to anticipatory processes induced by the highly regular pace of the serial presentation. However, in our view, a more plausible interpretation is that this effect is caused by the fact that the reference interval (from 300 to 0 ms preceding word onset) coincides with the late power decrease in these bands: recovery of this decrease then yields an artefactual power increase.
The observation of a slow increase in theta power as the sentence unfolds is a most interesting observation. This effect is highly frequency-specific, since it reliably occurs only in the narrow (2 Hz) frequency band that we defined here as theta. Moreover, the slow theta increase displays a clear-cut scalp topography (Fig. 3) . Since the theta rhythm has been related to episodic memory processes [12] , this effect may reflect the formation of an episodic memory trace as the individual words in a sentence gradually converge into an overall understanding of the 'episode' described by the sentence. Alternatively, in view of the results relating theta increases to working memory [3, 6] , the present slow theta increase might also be related to incremental verbal working memory load as the sentence unfolds. However, these interpretations are speculative, and may at best serve as working hypotheses, useful in guiding future research.
We would like to note in closing that generally, power increases are thought to reflect an increase in local synchrony. Therefore, synchronization between distant brain regions is not captured with the current methodology. Such processes can be better studied with methods such as coherence analysis (e.g. [14] ), which would be a valuable complement to IBP analyses in general. 
